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Introduction
The report is divided into 4 topics: guide-probe technique, orbital angular momentum degradation and optical memory effect in scattering media, OAM dependence on polarization resolved image contrast improvement, and tunable optical vortex.
Guide-probe technique
The guide probe technique was based on a radial gradient force exerted on small particles by an optical vortex beam. We proposed an innovative active ballistic signal propagation and imaging approach that will use an optical vortex beam to bore a "short-lived" viewing path through a scattering medium to guide time-delayed information-carrying light. The radial gradient force is associated with the "donut-like" intensity of an optical vortex beam whose electric field amplitude is given by:
where C p,l is the normalization constant, L p |l| is the generalized Laguerre polynomial, p is the radial mode (any positive integer) and l is the azimuthal mode (any integer). The radius of the beam at position z is
w(0) is the width at the beam waist, and 2 
The gradient force points to the intensity maxima of the Laguerre-Gaussian beam at r max = w / 2 . It was demonstrated that optical vortex beams can trap high-index and low-index particles at the dark center when the particle size is close to the diameter of the dark area. The orbital angular momentum of photons can be transferred to microscopic particles and cause them to rotate around the circumference of the optical vortex .
Guide-probe experiment
Implementation of OV-GP imaging is based on the ability of an OV beam to move scattering particles away from beam axis via an outward "intensity gradient force" as described above. The force exerted on the scattering particles is directly proportional to the magnitude of the OV beam's intensity; a high power (intensity) OV beam produces a large force. In previous years we generated an OV beam via the diffraction of a Gaussian beam from a reflective phase only spatial light modulator. Though this method of OV beam generation allows dynamic control it also results in poor power conversion efficiency (~< 15%) and relatively low power tolerance (~2W/cm2). Therefore, to achieve the high power required for OV-GP imaging, we use a new device called a liquid crystal radial polarizer (RP) (ARCoptix). The RP generates an OV beam via the transmission of a Gaussian beam resulting in higher conversion efficiency (~>85%) and higher power tolerance (~500W/cm2). As shown in Fig. 1 a horizontally polarized continuous wave Gaussian beam (Coherent: Verdi-V18, 532 nm, 0-20 W) is expanded and collimated to a diameter of ~10mm then propagates normally through the RP. The RP is a window of twisted liquid crystal molecules with azimuthally varying twist and operates like a half wave plate with azimuthally varying fast axis. Transformation of the state of polarization of the horizontally polarized Gaussian beam upon propagation through the RP can be described by a Jones matrix analysis:
where q is the azimuthal angle about the beam axis. As can be seen the horizontally polarized Gaussian beam becomes radially polarized. In contrast to the spatial light modulator that generates an OV possessing a phase singularity of the electromagnetic field the RP generates an OV possessing a polarization singularity. Nonetheless, upon diffraction into the far field the resulting OV beam develops the characteristic donut-like intensity distribution. A Gaussian probe beam (633nm, 5mW, cw) was generated directly from a He-Ne laser. The wavelengths of the guide and probe beams are made different so they do not interfere and so they can be effectively combined using a dichroic beam splitter. As shown in Fig. 1(b) the guide and probe beams are combined, made to be strongly co-linear, and then focused to a diameter of 100 microns through a rectangular quart cell (1cm x 10 cm x 10cm). Various TM conditions are simulated inside the cell by diluting deionized water with polystyrene spheres of varying size and concentration. In this way, we can study OV-GP imaging as a function of OV beam power, scatterer size, and scatterer concentration. A second lens collects and collimates forward scattered light. Two marrow pass band filters (623.8 nm) are used to filter out the green OV beam from the transmitted Gaussian beam. A diffraction grating (1200 mm-1) is then used to further separate the red probe beam from any remaining green light. The transmitted intensity of the probe beam is then collected with a photodiode attached to a digital oscilloscope. We find the guide beam is effectively filtered from the probe beam; any residual green light is well below the photodiode noise level even when the guide beam is at maximum power as shown in Fig 1(b) . To demonstrate the effectiveness of the guide-probe beam setup, the two beams were slightly misaligned, as shown in Fig. 1(c) . Both beams were then focused into a 1cm x 1cm x 10cm glass cell comprising a solution of latex spheres and ionized water. Different particle sizes, d, corresponding to Rayleigh (d) and Mie (d) scattering were investigated for various solution concentrations and guide beam powers. The latex spheres will continuously diffuse in and out of the path of the probe beam between measurements due to Brownian motion. To account for this the intensity of the probe beam is measured over a 30 second time interval. The guide beam is turned at 10 seconds and then turned off at 20 seconds as shown in Fig 
Image Visibility Improvement
We investigated experimentally image visibility improvement using the guide-probe technique inside OV beam described above. A USAF glass target was located behind the cell with turbid media and imaged using the red probe beam. The images are shown in Fig. 3(a) and Fig. 3(b) for the guide beam turned off and on, respectively. The contrast profiles of these images as well as other images at different power of guiding donut light beam are shown in Fig. 3(c) . It was determined that the image contrast of the target located in turbid media may be increased up to 12% using 18W guiding donut light beam. 
Orbital angular momentum degradation and optical memory effect in scattering media
Polarized complex Laguerre-Gaussian light with different orbital angular momentum propagation in turbid media was investigated during this period. The Optical Memory Effect in scattering media with small and large size (compared with the wavelength) scatterers is investigated for polarized light using polarized laser modes with varying orbital strength Lparameter. It is shown, that backscatter image quality (contrast) can be enhanced by more than an order of magnitude by using the circularly polarized light.
The propagation and scattering of light in an optical dense turbid medium plays a significant role in communication, remote sensing and imaging of an object hidden in the scattering media. Scattering media blurs coded information and images. Using the salient properties of light: wavelength, coherence, and polarization one can improve image and coded information traveling in free space inside fog, clouds, smoke, and tissue as well as in optical fibers. Over the years, several methods have been used to discriminate the signal and improve the quality of an object image from the noise of scattered light. The problem to extract an image propagating through or located in a scatter medium was investigated theoretically and experimentally over past 20 years. One key and simple approach to improve image quality and information flow is to use the vector nature of light, which can play a key role in the process of the light scattering. Using a polarized laser beams, it was shown that the intensity of forward and backscattered light significantly depends on the size of the scattering particles, their concentration in a turbid medium and on the polarized state of the incident light beam. The three key length parameters important to characterize light propagating in scattering media are: the scattering length (Ls), transport lengths (Ltr) and absorption length (La). The Ls is the mean distance between scatters; Ltr is the distance traveled to change the directions of incoming photons, and La is the distance where the photons are absorbed. These lengths are inverse of the scattering coefficients: s, tr and a respectively. The scattering from small scatter particles are more random in direction after a scattering event, while from large scatter particles are more forwarded scatter. The sizes of scattering particles (d) are compared to wavelength of light: small size scatterers (d<) and large size particles (d>). The polarization techniques have been advanced to improve the imaging of a hidden object inside a highly optical dense turbid medium. It was shown experimentally that an image contrast of an object can be enhanced by linear polarized light because the parallel component of polarization vector is highly reflected off front surface and overwhelms any imaging information below the surface in backward scattering imaging. The perpendicular component blurs an image and travels deeper to give information below the surface. An alternative method using circularly polarized light gives possibility to significantly improve an imaging in a higher concentration (multi-scattering events) of a medium and mainly in the case of large size scatterers (d>, Mie scattering). In this case of scattering from high concentration of the large size particles, the backscattered light was shown to predominantly retain the same state of polarization at the incident light for both of polarizations (linear and circular). This phenomena is known as the Optical Memory Effect (OME). A Twist of light is associated with the non-planar wave front of Laguerre-Gaussian which uses the property of orbital, L and spin angular momentum, S parameters. The strength L is associated with vortex of the wavefront twist and S is associated with the circular vector polarization.
The scattering and imaging is investigated in this program with different orbital angular momentum (OAM) states (L) for scattering media with small and large scattering particles. The parameter L is a measure of OAM and strength of the optical vortex of the LG-beams. The LG complex laser beams adds a new dimension of light's spatial degree of freedom to light propagating in turbid medium, includes helical shaped and twisted wave front, singularities of electric fields and spatial vector polarization states of the beam profile. These twisted special light forms opens a new renaissance era in optics called "complex vector light". This complex vector light can possess both spin angular momentum (SAM) which is associated with optical circular polarization and orbital angular momentum (OAM), which is associated with helicity of nonplanar wave front. The angular momentum of spin and orbital properties appear separately and are not interacting in paraxial beams. Coupling can occur by the spin-orbit interaction (SOI) of SAM and OAM in non paraxial beams, highly focusing, scattering in inhomogeneous and anisotropic media.
The LG laser beam has an optical vortex (phase singularity) at the center of the beam and carries an orbital angular momentum (OAM: ±L ℏ ) and a spin angular momentum (SAM: ±so the total angular moment is proportional to (L+). The phase singularity (optical vortex) at the center of the beam is the point (area) of zero intensity and such beam has spatial profile of a ring and been called a "donut" beam.
In this research, two experimental geometrical arrangements were investigated: the angle (90˚) scattering and backscattering (180˚) for different orbital angular momentum modes L and state of polarization of the vortex LG beams. The polarized LG (donut) beams are used for investigation of scattering and imaging in the turbid medium with the scattering particles of the different sizes and concentrations (volume fraction of scatterers) in water solution. Small size scatterers (d<, the case of Rayleigh scattering) and the large size particles (d>) at the different concentration were studied for understanding of possible influence of the OAM L-effects on the OME-phenomena.
OAM Dependence on Scattered Light Depolarization
Light propagation in TM results in light scattering in well-defined directions depending on scattering particle size. The particle size and concentration is critical and greatly affects the SOP of the scattered light, being different than the SOP of the incident light beam (depolarization). Scattering increases for higher particle concentration and is different when the scattering particle size is larger or smaller than the wavelength of the scattered light. Experimental measurement of light's depolarization in TM therefore serves as a probe with which to characterize TM by the size and concentration of the scattering particles. Conversely, a light beam's depolarization in TM quantifies the amount it scatters. Interrogating a TM with an OV light beam may effect the light's depolarization and serves as a direct indication of the ability of an OV light beam to circumvent scattering media. In this experiment, the depolarization of light in TM as a function of incident OAM value is investigated for large particles (d>λ) and small (d< λ) where d is the particle diameter and λ is the light's wavelength. The SOP for large particles retains its polarization due to the small angles of scattering in the forward direction for photons observed in the backward and ninety-degree direction.
As shown in Figure 4 a linear polarized Gaussian beam from a Helium-Neon laser cavity (633nm, ~5mW) is expanded and collimated to a beam waist of ~5mm and converted into an OV baring light beam using a reflective, phase only, spatial light modulator (HOLOEYE) that displays a 'fork' diffraction grating. The OV light beam is selected in the first diffraction order of the far-field diffraction pattern by an aperture. The 'fork' grating is made via custom MATLAB software and directly related to the OAM of the generated OV light beam; by changing the 'fork' pattern we can dynamically and controllably change the light beam's OAM. The SOP of the OV light beam is controlled by its propagation through a quarter wave plate (QWP) and half wave plate HWP in series. In total, we can tailor a light beam with an arbitrary OAM and elliptical SOP. The SOP of the OV light beam is set to horizontal (H) or vertical (V) polarization, and is then focused by a lens (f=10cm) into a rectangular quartz cell of dimension 1cm x 10 cm x 10cm containing a mixture of distilled water and micron sized latex spheres (n=1.5) from which it scatters. The resulting right angle scattered light is collected with a pair of lenses and imaged onto a photodiode that measures the light's intensity using a digital oscilloscope. The intensity of the H and V components of the scattered light intensity is analyzed using a properly oriented linear polarizer before the photo-detector. The light's depolarization is denoted i( j) being the incident(scattered) light SOP, respectively. The experiment consists of measuring the intensity of the H and V components of the scattered light for each input H or V SOP as a function of OAM value . This is done for varying scattering particle concentration and size. The particle sizes are chosen to be larger and smaller than the light's wavelength. The experimentally measured intensity of the scattered light as a function of incident OAM value for scattering particles of varying size and concentration is plotted in the graphs of Figure 5 . Examining the graphs of Figure 5 it can be seen that the intensity of the scattered light clearly depends on the incident OAM value for both large and small particles. The scattered light intensity decreases as increases. This may be due in part to the increasing azimuthal energy flow of the OV light beam as the OAM is increased. The spiraling energy flow may circumvent the scattering particles. The OAM seems to have an inverse proportionality indicating a 'saturation' of the OV ability to circumvent the TM. This may be associated with decoherence of the OV as it penetrates deeper into the medium. A theoretical investigation of the OAM dependent scattering and transmission measurements will be undertaken in the third year and out years.
It can be seen for particles larger than the light's wavelength the intensity of the copolarized polarization intensity, H(H) and V(V), is nearly the same. Additionally, the intensity of the perpendicular polarized components is nearly zero. This indicates that the polarization of the scattered light is largely preserved even at a right angle. We refer to this as a polarization memory effect for linear polarization. Large particles, larger than the incident light's wavelength, scatter mostly in the forward direction. The preservation of the SOP of the light scattered at a right angle may be associated with a multiple scattering process that turns the light's direction of propagation. 
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OAM Dependence on Polarization Resolved Image Contrast
Seeing an object inside a TM can be improved by looking at the light corresponding to a specific SOP. It has been shown that the contrast of an image in TM is the highest when the image is illuminated with circular polarized light and then viewed at the orthogonal circular polarization or when illuminated with horizontal polarized light and viewed at parallel horizontal polarization. We experimentally investigate the dependence of OAM on this polarization resolved image contrast in TM in the backscattered direction.
As shown in Figure 6 a linear polarized Gaussian beam from a Helium-Neon laser cavity (633nm, ~5mW) is expanded and collimated to a beam waist of ~5mm and converted into an OV baring light beam using a reflective, phase only, spatial light modulator (HOLOEYE) that displays a 'fork' diffraction grating. The OV light beam is selected in the first diffraction order of the far-field diffraction pattern by an aperture. The 'fork' grating is made via custom MATLAB software and directly related to the OAM of the generated OV light beam; by changing the 'fork' pattern we can dynamically and controllably change the light beam's OAM. The SOP of the OV light beam is controlled by its propagation through a quarter wave plate (QWP) and half wave plate HWP in series. In total, we can tailor a light beam with an arbitrary OAM and elliptical SOP. The SOP of the OV light beam is set to horizontal (H) or right circular (R) polarization, and is then focused by a lens (f=10cm) into a rectangular quartz cell of dimension 10cm x 10 cm x 10cm containing a mixture of distilled water and micron sized latex spheres (n=1.5) from which it scatters. The OV light beam illuminates an Air Force target placed within the scattering media target as shown in Figure 6 . The target is imaged onto a CCD camera. The intensity of the polarization of the backscattered image is selected using a LP and QWP in series to select out the H or R polarization of the scattered light. Intensity images fort H and R polarization of the target as recorded with the CCD camera as a function of OAM value for varying particle sizes and concentration are shown in three panels in Figure 7 for unpolarized, circular polarized, and linear polarized. The particle sizes are chosen to be larger and smaller than the light's wavelength.
Image enhancement using orbital angular momentum degradation
Figures 7 and 8 plots the backscattered image contrast for as a function of OAM value for scattering particles larger than the light's wavelength. It is clearly seen that when illuminating the target with circular polarized light and imaging the opposite circular polarization provides an enhanced image contrast over imaging the total 'unpolarized' intensity. This enhanced image contrast is even greater than when imaging with co-linear polarized light for H polarization. The physical mechanism for the enhanced image contrast is a circular polarization memory effect of light. 
Tunable optical vortex
The experimental set-up for the optical spectral filter is as follows: multicolored supercontinuum light is generated using a PC fiber and made to be linearly polarized as described in the first scheme. The beam is then sent through a q-plate of q = 1 and the light coupled into a SMO fiber, with cut-off wavelength at 416 nm. An objective lens with numerical aperture of NA=0:4 is used to couple light through free space into SMO fiber with NA=0:12. The resulting beam is imaged onto a CCD camera. The experimental set-up is presented in Fig 9(b) .Focusing the vortex light should create small spot size, and efficient coupling of non-vortex light into SMO fiber. For multicolored coherent vortex field at focus of numerical aperture lens, the spectrum along a closed loop enclosing the phase singularity undergoes rapid changes as the point of observation moves along the loop. Due to diffraction, there is a spatial redistribution of the spectral components such that when a certain spatial region is selected there will be a blue shift or red shift of the entire spectrum due to this redistribution. The spectral properties, i.e. wavelength channels, of the multicolored spectra within the bandwidth of the SMO fiber are preserved as the light propagates through the fiber.
As the external voltage applied to the q-plate is tuned from 2.50 V to 2.00 V in steps of 0.25 V, the q-plate is resonant" for particular wavelengths and detuned from other wavelengths. This breaks modal symmetry of a single vector vortex mode, and there is spatial redistribution of spectral components in multicolored mode, which changes the coupling efficiency of particular colors into the SMO fiber. Fig. 9(a) shows an example of the multicolored optical mode going into the SMO fiber at a particular voltage. As a result, the light coming out of the SMO fiber changes color from orange to yellow to green in incremental steps as presented in Fig. 9(b) to (d) . The purity of colors in the spatially coherent optical intensity profile coming out of the SMO fiber is quantified in a bar chart containing an RGB (Red, Green, Blue) color analysis; and also presented in Fig. 9(b) to (d) . This demonstrates the feasibility of the device as a tunable spectral filter using the SAM to OAM conversion of light by the q-plate. We note that only the TEM00 gaussian mode is coupled into the SMO fiber, and the higher order modes addressed by the qplate are filtered out. The scheme can therefore serve as an optical switch to tune between different frequency channels in the HMWDM scheme described earlier. Figure 9 . Experimental data demonstrating optical spectral filter. (a) Example of multicolored optical mode generated by q-plate and going into SMO fiber. As the voltage through the q-plate is tuned from 2.50 V to 2.00 V the colors emerging from the SMO fiber changes from orange to yellow to green as shown in (b), (c), (d). CCD counts represent the total counts for each RGB color on CCD screen, where counts in each pixel is normalized to a value between 0 and 1, and actual CCD counts range from 0 to 255.
Optical vector vortex beams possessing OAM have been created using a multicolored supercontinuum laser light source and a tunable q-plate. Together with a single mode fiber, this effect can be used as a wavelength selective optical filter, or \optical switch" to move between different frequency channels in a communication network, especially in HMWDM scheme. The scheme is not limited to optical communications, but can be applied in the development of cost effective STED fluorescence microscopy systems with sub-diffraction resolution, such that tuning is achieved between different colors of the optical vortices by simply changing the electric field going through the q-plate.
There are several unfinished experiments to be addressed in this program. Several state of the art equipment has been acquired just before the end of this grant from other funding sources and was not used. In particular, Q-plates from Italy, vector beam sorter from UK, and two SLMs from Hamamatsu (ordered but not received yet). New graduate student Ms. Thienan Nguyen started training in this research area during the last academic year and past summer to work on generation of incoherent OV beams, and speckle spatial frequencies. Funds are needed to complete this program.
